• Premise of the study: Within plastids, geranylgeranyl diphosphate synthase is a key enzyme in the isoprenoid biosynthetic pathway that catalyzes the formation of geranylgeranyl diphosphate, a precursor molecule to several biochemical pathways including those that lead into the biosynthesis of carotenoids and abscisic acid, prenyllipids such as the chlorophylls, and diterpenes such as gibberellic acid.
Isoprenoids constitute a diverse class of natural compounds found in living organisms. The simplest isoprenoids are structurally composed of a fi ve-carbon unit that is used to derive longer-chain metabolites through a series of condensation reactions. In plants, isoprenoids can be synthesized in the cytoplasm, mitochondria, and plastids. Recent work on plastidial isoprenoid biosynthesis has highlighted their complexity and formation within this organelle (for reviews, see Lichtenthaler, 1999 ; Bouvier et al., 2005 ; Joyard et al., 2009 ; Ferro et al., 2010 ) . Refl ecting their diverse structures, isoprenoids display a range of functional diversity that is essential to plant development. For example, a number of intermediate compounds in the pathway are required for biosynthesis of chlorophyll, carotenoids, some plant hormones, secondary metabolites, and electron acceptors involved in photosynthesis and respiration. Knowledge of the plastidlocalized steps required for isoprenoid biosynthesis is important for understanding how plants regulate chlorophyll synthesis and partition resources between the many pathways that share these early intermediates.
Biosynthesis of plastidial isoprenoids begins with the production of the fi ve-carbon isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP), both of which are produced via either the cytoplasm-localized mevalonic acid (MVA) pathway or the plastid-localized methylerythritol 4-phosphate (MEP) pathway ( Eisenreich et al., 1998 ) . In chloroplasts, IPP and DMAPP undergo a head-to-tail condensation reaction mediated by GERANYL DIPHOSPHATE SYNTHASE (GPS) to produce the 10-carbon unit geranyl diphosphate (GPP). GPP provides the backbone for plant monoterpenes, derivatives of which are known to have many roles including defense and pollinator attraction ( Tholl et al., 2004 ) . A second condensation reaction involving GPP and IPP results in farnesyl diphosphate (FPP), which can form many compounds including sesquiterpenes. A third and fi nal condensation reaction of FPP and IPP forms the 20-carbon geranylgeranyl diphosphate (GGPP). This reaction is catalyzed by GERANYLGERANYL DIPHOSPHATE SYNTHASE (GGPS). GGPP serves as a branch-point compound to several isoprenoids, including carotenoids, chlorophylls, and several phytohormones ( Lichtenthaler, 1999 ) . Analysis of the Arabidopsis thaliana genome reveals the presence of 12 GGPS -like genes, although only fi ve have been shown to have functional relevance ( Okada et al., 2000 ; Lange and Ghassemian, 2003 ) . Expression of these fi ve proteins in Escherichia coli and subsequent use in an in vitro functional assay indicated they have the capability of synthesizing GGPP ( Okada [Vol. 100 manufacturer's instructions (Invitrogen Corp., Carlsbad, California, USA). Gene-specifi c primers with fl anking attB sites were used to amplify the gene (5 ′ GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAACAATGGCTTC-AGTGACTCTAGG3 ′ and 5 ′ GGGGACCACTTTGTACAAGAAAGCTGG-GTCGTTCTGTCTATAGGCAATGT3 ′ ), and the product was fused into pVRGFP (provided by Vincente Rubio and Xing Wang Deng). A positive clone was mated into Agrobacterium tumefaciens (GV3101) using E. coli helper strain pRK2013 and transformed into wild-type Arabidopsis thaliana plants by fl oral dipping ( Clough and Bent, 1998 ) . T 1 plants were selected on 200 µg/mL gentamycin-supplemented (Sigma-Aldrich) growth medium containing 1% agar. Cells from 21-d-old leaves from T 2 generation complemented plants were analyzed for GGPS1-GFP using a Leica SP5 scanning confocal microscope (Leica Microsystems, Bannockburn, Illinois, USA).
For microscopy images, leaf tissue was cut into 2-mm strips and fi xed in a 0.1 mol/L sodium cacodylate-buffered solution (pH 7.4) containing 3% formaldehyde (v/v) and 3% gluteraldehyde (v/v) . The fi xed samples were washed in a 0.1 mol/L sodium cacodylate buffer (pH 7.4) and postfi xed in 2% OsO 4 (w/v) in sodium cacodylate buffer (Electron Microscopy Sciences) at 4 ° C overnight. The samples were then washed in water, dehydrated stepwise to 100% acetone, and embedded in soft Spurr's resin (Electron Microscopy Sciences, Hatfi eld, Pennsylvania, USA). The embedded leaf pieces were cross-sectioned using an automated ultramicrotome and a glass knife. The sections were stained with bromophenol blue to reveal chloroplasts and cell walls. Images were captured using the bright-fi eld fi lter set on a Nikon E800 microscope (Nikon Corp., Melville, New York, USA). For the transmission electron micrographs, thin sections of embedded cotyledon pieces were cut using a diamond knife (Pelco International, Redding, California, USA). The sections were stained with a 2% uranyl acetate (w/v) solution followed by a lead citrate stain (in 0.1 N sodium hydroxide) as previously described ( Venable and Coggeshall, 1965 ) on a 3.05-mm copper slotted mesh grid (Ted Pella, Redding, CA). Stained sections were observed and imaged using a JEM-1010 transmission electron microscope (JEOL USA, Peabody, Massachusetts, USA) with an accelerating voltage of 80 kV. All microscopy was conducted in the Indiana University Microscopy Imaging Center.
Chlorophyll and carotenoid measurements -Chlorophyll and carotenoids were extracted from approximately 10 mg of leaf discs excised from 21-d-old rosette leaves by grinding in 80% acetone. Ground samples remained on ice for 1 h in the dark to allow complete extraction from the tissue. Absorbance was measured at 663 nm, 646 nm, and 470 nm. Chlorophyll and carotenoid content were calculated according to Lichtenthaler and Wellburn (1983) .
Hormone treatments -Seeds were sown on 1% agar with 1/2-strength MS basal salt mixture with or without 100 µmol/L gibberellic acid (GA) (SigmaAldrich, St. Louis, Missouri, USA) in Petri dishes and cold-treated at 4 ° C for 48 h in darkness. The plates were then moved to a 23 ° C dark incubator for 4 d. Hypocotyl lengths were measured from digital images of the hypocotyls using the program ImageJ ( Abramoff et al., 2004 ) . For the fl owering experiments, plants were grown under a 10 h light/14 h dark cycle in a growth chamber at 23 ° C. Plants were sprayed with the indicated concentrations of GA every other day beginning 7 d after germination until fl owering.
Leaf photosynthesis -Leaf photosynthetic rates (in µmol CO 2 ·m −2 ·s −1 ) were measured on attached rosette leaves of 6-to 10-wk-old plants using the Li6400 portable photosynthesis system (LiCor, Lincoln, Nebraska, USA) with the 6400-02B (red/blue) LED light source. For all measurements, the CO 2 concentration was maintained at 370 ppm, leaf temperature at 24 ° C, and humidity kept above 60% to keep stomata open. Maximum photosynthetic rates were measured in saturating conditions at 500 µmol·m −2 ·s −1 of light after steady state photosynthetic rates were achieved following a period of acclimation.
After measurement, leaves were cut from the plant, and images were captured with a Canon (Tokyo, Japan) LiDE35 fl at bed scanner to determine total leaf area and green leaf area within the chamber using Scion Image software (Scion Corp., Frederick, Maryland, USA). Photosynthetic rates from the LiCor were recalculated to provide photosynthetic rates on a per leaf area basis and on a per green leaf area basis.
Semi-quantitative RT-PCR -Green and white sectors of adult ggps1-1 leaves were separated using a razor blade with care not to collect tissue from the border. Only leaves with white (rather than yellow or pale green) interior sections were chosen. RNA was extracted using trireagent (Sigma Aldrich) and reverse transcriptase PCR was performed with anchored oligo(dT) primers (Integrated DNA Technologies, Coralville, Iowa, USA). This isolated cDNA was et al., 2000 ) . Of these fi ve, only GGPS1 (At4g36810) and GGPS3 (At3g14550) localize to plastids.
The overall importance of isoprenoid biosynthesis, especially during the preliminary steps of the MEP pathway, is highlighted by the severity of A. thaliana phenotypes caused by mutations in genes in this pathway. All reported knockouts of plastidlocalized MEP pathway genes required for DMAPP synthesis lead to an albino phenotype ( Mandel et al., 1996 ; Budziszewski et al., 2001 ; Okada et al., 2002 ; Gutiérrez-Nava et al., 2004 ; Guevara-García et al., 2005 ; Hsieh and Goodman, 2006 ; Hsieh et al., 2008 ) . Double mutants in both ISOPENTENYL DIPHOS-PHATE ISOMERASE ( IDI ) genes, whose products catalyze the conversion of isopentenyl diphosphate to DMAPP, are nonviable ( Okada et al., 2008 ; Phillips et al., 2008 ) . RNAi constructs directed against GPS produce an embryo lethal phenotype ( van Schie et al., 2007 ) . Single mutants in fps1 and fps2 show no phenotype, but double mutants are also embryo lethal ( Closa et al., 2010 ) .
In this report, we describe three mutant alleles in the gene encoding the isoprenoid biosynthetic enzyme GGPS1 that result in distinct phenotypes. One T-DNA insertion was found to be seedling-lethal while another was embryo-lethal. A point mutation in a conserved aspartate rich motif produces viable plants with a temperature-sensitive variegated phenotype. Cells in the green sections of the variegated mutant leaves have structurally normal chloroplasts and photosynthetic rates comparable to wildtype leaves, while white sections of the variegated leaves have structurally abnormal plastids and minimal photosynthesis.
MATERIALS AND METHODS
Plant material and growth conditions -Arabidopsis thaliana (Col ecotype) were used for all experiments. The ggps1-1 mutant was isolated from ethyl methanesulphonate-mutagenized M 2 seeds. The ggps1-2 (SALK_015098) and ggps1-3 (SALK_085914) T-DNA insertion lines (T 4 generation) were obtained from the Arabidopsis SALK collection ( Alonso et al., 2003 ) at the ABRC (Ohio State University, Columbus, Ohio, USA). The position of the T-DNA insert was confi rmed through PCR amplifi cation with the primer LBa-1 (located on the T-DNA insert: 5 ′ -TGGTTCACGTAGTGGGCCATCG-3 ′ ) and primers fl anking the predicted inserts (5 ′ -ATCAGAACTCGTCGCCGAAGC-3 ′ for ggps1-2 and 5 ′ -ATGAACCTCTTCATATTTCATC-3 ′ for ggps1-3 ). Mutant phenotypes were analyzed in T 5 plants isolated from confi rmed T 4 heterozygous mutants.
Wild-type and ggps1-1 seed were grown in pots containing water-soaked Metromix 360 seed starter mix (Sun Grow Horticulture, Bellevue, Washington, USA). The sown seeds were cold-treated at 4 ° C for 48 h and then allowed to germinate and grow at 23 ° C in a growth room under a short-day photoperiod (10 h light/14 h dark) under 100-150 µmol·m −2 ·s −1 light produced by cool-white fl uorescent bulbs (General Electric, Louisville, Kentucky, USA). Plants were fertilized with K-Grow all purpose plant food (Kmart, Troy, Michigan, USA) every 14 d according to the manufacturer's instructions. When seeds were germinated in Petri dishes, the media contained 1% (w/v) agar and 2% (w/v) sucrose with 1/2-strength Murashige and Skoog (MS) basal salt mixture (Sigma-Aldrich, St. Louis, Missouri, USA). Seedlings were transferred to pots containing soil after the fi rst true leaves developed.
Identifi cation and sequence analysis of ggps1-1 -An F 2 mapping population was established by crossing ggps1-1 (Col ecotype) with the LER ecotype of Arabidopsis. Analysis of sequence polymorphisms in 209 F 2 recombinant lines homozygous for the ggps1-1 variegated phenotype placed the mutation in a 63-kb region on chromosome 4 contained on bacterial artifi cial chromosome AP22. The Indiana Molecular Biology Institute sequenced annotated candidate genes contained within the interval.
Microscopy -GGPS1 was fused to a 35S driven, carboxy-terminal GFP construct (35S:GGPS1-GFP) using Gateway vector technology following the two downstream arginines (amino acids 166 and 167) that are also conserved in trans -prenyltransferases ( Ashby and Edwards, 1990 ) .
Two lines with T-DNA insertions in the coding region of At4g36810 (Salk_015098 and Salk_085914) were obtained from the Arabidopsis Biological Resource Center (ABRC) ( Alonso et al., 2003 ) . Salk_015098 contains a T-DNA insertion within the coding region for the predicted 56 amino acid chloroplast targeting peptide ( Emanuelsson et al., 1999 ) . Insert specifi c and fl anking primers were used to confi rm the location of the T-DNA sequence ( Alonso et al., 2003 ) and sequencing with used as a template for PCR, with samples removed from the thermal cycler after 20, 25, 30, and 35 cycles). Gene specifi c primers were used for GGPS1 (F: ACCATGGCTTCAGTGACTC, R: TCAGTTCTGTCTATAGGCAATGT) and GGPS3 (F: TCCACCAGAGGGAAAATGCAATGATC, R: GTCTTTCGCT-GGCTAGGTCTATCAT), with Ubiquitin Conjugating Enzyme primers (Sigma Aldrich) (F: TCAAATGGACCGCTCTTATC, R: CACAGACTGAAGCGTC-CAAG) used as a loading control.
Temperature sensitivity -For temperature sensitivity experiments, plants were grown as described above for 14 d, then transferred to identical growth chambers with the same 10 h photoperiod (08:00-18:00 hours). The temperature was maintained at 23 ° C for each treatment from 00:00 to 08:00 hours. From 08:00 to 23:59 hours, temperature was changed to 27 ° C (hot) or 12 ° C (cold). Images were captured every hour during the light period for 28 d after the temperature shift using a camera mounted inside the chamber. Experiments were repeated with the treatments switched between chambers to ensure the effect was not chamber specifi c. The percentage of the leaf area that was white was measured using the program ImageJ ( Abramoff et al., 2004 ) .
RESULTS

Identifi cation of a leaf variegation mutant -
In a screen to identify mutant A. thaliana plants with perturbed chloroplast development, we identifi ed a plant with a green and white leaf variegation phenotype ( Fig. 1B ) , which segregated as a nuclear recessive allele. Overall, the mutant plants were smaller than the wild type ( Fig. 1A, B ) . After 35 d, the aboveground biomass of wild-type plants (205.5 ± 12.3 mg) exceeded that of mutant plants (32.3 ± 4.0 mg) by 6.3-fold. The variegation phenotype was evident throughout leaf development and the duration of the life cycle. Although there was considerable variability, the fi rst rosette leaves that developed had white centers with green periphery ( Fig. 1C ) , while later in rosette development, new leaves typically had yellowish centers while the periphery was green ( Fig. 1D ) .
A mutation in GGPS1 causes the leaf variegation phenotype -An F 2 mapping population was established from a cross between the variegated mutant (Columbia [Col] ecotype) and the Landsberg erecta (Ler) ecotype of A . thaliana . Segregation analysis of sequence polymorphisms in recombinant lines placed the mutation in a 63-kb interval on chromosome four. Sequencing of genes in the mapping interval revealed a G to A point mutation in At4g36810, which was annotated as GGPS1 ( Lamesch et al., 2012 ) . This protein was previously shown to have GGPP synthase activity ( Okada et al., 2000 ) . Successful complementation of mutant plants with a clone expressing the wild-type At4g36810 gene from the 35S promoter rescued the mutant phenotype ( Fig. 1E ), confi rming that the variegated phenotype was due to the identifi ed mutation. Hence, we have named the mutant allele ggps1-1 .
GGPS1 has a single exon encoding a protein of 371 amino acids with a predicted chloroplast targeting sequence ( Lamesch et al., 2012 ) ( Fig. 2 ) . Expression of the 35S:GGPS1-GFP construct in the wild-type plants showed strong fl uorescence in chloroplasts (data not shown), confi rming previous results ( Okada et al., 2000 ) and indicating that the targeting sequence is functional. The protein also has two aspartate-rich motifs (termed FARM for f irst a spartate-r ich m otif and SARM for s econd a spartate r ich m otif, respectively) that are conserved in transprenyltransferases and essential for catalytic activity ( Ashby and Edwards, 1990 ) . In ggps1-1 , the point mutation converts an aspartic acid at position 163 to an asparagine. This position is located between the FARM domain (amino acids 155-161) and Leaves produced later in development have yellow-green coloration surrounding the midvein (C). (D) In the fi rst few leaves produced by the plant, the mesophyll is mostly white. (E) Plant rescued of the ggps1-1 variegation phenotype by a GGPS1 over-expression construct (35S:GGPS1-GFP) transformed into the mutant background (27-d-old to highlight early leaves that typically show the most distinct variegation patterns). The ggps1-2 T-DNA insertion results in a seedling-albino phenotype (right). A similarly aged wild-type plant is to its left (F). Scale bar = 1 cm (A, B, E), 2 mm (F). [Vol. 100
In light-grown seedlings, ggps1-1 hypocotyls were shorter than the wild type ( Fig. 3B ) . GA slightly stimulated hypocotyl growth in ggps1-1 and wild type. PAC reduced hypocotyl elongation in both wild-type and ggps1-1 light-grown seedlings and its effect was partially overcome by the addition of GA. Mutant ggps1-1 hypocotyls were shorter than the wild-type when grown in the dark; however, addition of GA failed to signifi cantly alter this phenotype, suggesting that GA defi ciency is not responsible. The effect of PAC on ggps1-1 hypocotyl elongation in the dark was not measured because it completely inhibited germination.
Flowering time in A. thaliana can also be stimulated by GA, especially under short-day photoperiods ( Wilson et al., 1992 ) . Untreated ggps1-1 mutants fl owered later than the wild type, but with fewer leaves ( Fig. 3C, D ) . Application of 50 or 100 µmol/L GA resulted in decreased leaf number and earlier fl owering in both the ggps1-1 mutant and wild-type plants. Flowering was stimulated by GA applications similarly in both ggps1-1 and wildtype plants, suggesting that GA-defi ciencies are not responsible for the delayed fl owering phenotype of ggps1-1 plants.
Microscopic characterization of the ggps1-1 mutant -Ultrastructural analysis of ggps1-1 variegated leaves showed a clear demarcation between mesophyll cells containing chloroplasts ( Fig. 4A , right) and those without ( Fig. 4A , left) . Transmission electron micrographs of white leaf sectors revealed that cells contained numerous improperly developed plastids ( Fig. 4B ) with one or more electron-translucent bodies ( Fig. 4B ). Small populations of what appeared to be thylakoid membranes were also present ( Fig. 4D ) , although networks of interconnected lamellae were not observed. The plastids also contained darkstaining regions likely representing aggregating plastoglobuli ( Fig. 4D , PG) . Chloroplasts in mesophyll cells from green regions of ggps1-1 leaves ( Fig. 4C ) were similar to those in the wild type. In addition, bundle sheath cells and guard cells throughout ggps1-1 leaves had normal-appearing chloroplasts (data not shown).
Photosynthesis of ggps1-1 green and white sectors -We hypothesized that the green areas of ggps1-1 leaves would have altered photosynthetic properties relative to green wild-type leaves based on a similar compensatory strategy present in the variegated immutans ( im ) mutant in A. thaliana ( Aluru et al., 2007 ) . The white regions of 5-wk-old ggps1-1 leaves had 0.2 ± 0.01 µg·mg −1 chlorophyll (chl) compared with 1.34 ± 0.05 µg·mg −1 chl in green regions and 1.29 ± 0.06 µg·mg −1 chl in wild-type plants ( Table 1 ) . Carotenoids levels were also approximately 7-fold (~14%) lower in mutant white tissue compared with green tissues. Maximum gross photosynthetic rates expressed on the basis of total leaf area showed a positive linear correlation with the proportion of green-leaf area ( Fig. 5 , circles and bold line) . The regression line of this relationship does not pass through the origin, suggesting that white areas are able to photosynthesize at a rate of about 1.1 µmol CO 2 ·m −2 ·s −1 . When photosynthetic rates were expressed on a per green-leaf area basis, without accounting for the photosynthetic contribution of the white areas, there was a negative correlation between maximum photosynthetic rate and proportion of green-leaf area ( Fig. 5 , triangles and dashed line). However, there was no correlation between photosynthetic rate and the percentage of green-leaf area when the photosynthetic rate of the green areas of the leaf were calculated assuming white areas photosynthesize at a rate of 1.1 µmol CO 2 ·m −2 ·s −1 ( Fig. 5 , diamonds and solid line) . The white-leaf area photosynthetic rates accounted for approximately a T-DNA-specifi c primer indicated the insertion occurred after the 42nd amino acid. This allele is referred to here as ggps1-2 . The T 4 seed obtained from ABRC gave rise to a mixture of wild-type plants and plants heterozygous for the T-DNA mutation. No plants homozygous for the T-DNA insert were isolated in the T 4 seed population. Examination of 9-d-old embryos from T 4 siliques showed that 21% of the embryos were white (191 green, 51 white). All embryos from similarly aged wild-type siliques were green. When T 5 seed collected from T 4 heterozygotes was grown on media supplemented with sucrose, approximately 12% of the seedlings were albino ( Fig. 1F ) and failed to develop further. Genotyping of T 5 green plants revealed a collection of wild-type and heterozygous plants. Genotyping of T 5 albino seedlings revealed them to be homozygous for the T-DNA insert. These results indicate that the T-DNA insertion in ggps1-2 severely impairs plastid development, causing a seedling-lethal albino phenotype.
Salk_085914 contains a T-DNA insertion near the C-terminus of the gene and is referred to here as ggps1-3 . Insert-specifi c and fl anking primers were used to confi rm the location of the T-DNA sequence ( Alonso et al., 2003 ) , and sequencing using a T-DNA-specifi c primer indicated the insertion occurred after the 349th amino acid. Genotyping of plants from the T 4 seed population revealed only wild-type and heterozygous mutant individuals. Examination of embryos from 9-d-old staged siliques from T 4 plants showed that 26% of the embryos were white (116 green, 41 white). T 5 progeny from T 4 heterozygous mutant plants on media supplemented with sucrose produced only green seedlings that developed normally. Genotyping of the T 5 generation from these lines revealed only wild-type and heterozygous plants. The inability to obtain homozygous T 5 plants and the 26% segregation of albino embryos in heterozygous mutant siliques indicates that the ggps1-3 allele is embryo-lethal.
Hormone responses in ggps1-1 -Because GGPP is a precursor to the plant hormone gibberellic acid (GA), we hypothesized that disruption of GGPS1 activity in variegated ggps1-1 mutant plants may alter GA levels and thus affect germination, hypocotyl elongation, and/or fl owering time, processes that are at least partially controlled by GA ( Blázquez et al., 1998 ; Cowling and Harberd, 1999 ; Alabadí et al., 2004 ) . Germination on agar media for ggps1-1 and wild-type seeds was robust and not signifi cantly different ( Fig. 3A ) . In the presence of the GA biosynthesis inhibitor paclobutrazol (PAC), germination was strongly impaired in wild-type and ggps1-1 seeds, especially in the dark, and the inhibition was partially overcome by the addition of GA. The PACinduced inhibition appeared to be slightly stronger in the ggps1-1 mutant than in the wild type in the light. In the dark, no mutant seeds germinated, while some of the wild type still germinated. Temperature-sensitive phenotype of ggps1-1 -The lethal phenotypes of ggps1-2 and ggps1-3 indicate that the activity of GGPS1 is essential in Arabidopsis. However, the variegated phenotype of ggps1-1 suggested that this allele encodes a partially functional protein. To determine whether growth temperature had an impact on the severity of the variegated phenotype, 14-d-old mutants were transferred from our standard growth conditions to identical chambers with different temperature conditions (Cold: 12 ° C for 16 h followed by 23 ° C for 8 h, or Hot: 27 ° C for 16 h followed by 23 ° C for 8 h). Images of the plants were captured hourly during the light periods. By 7 d, a signifi cant difference in the variegated phenotype was observed between the hot and cold temperature conditions in newly formed leaves ( Fig. 7 ; Appendices S1, S2, see Supplemental Data with the online version of this article). By 21 d, newly formed leaves of the cold-treated plants had developed with almost no apparent variegation. In addition, the cold-treated plants displayed an ability to rescue chlorophyll production in pale leaf sections. In contrast, leaves that developed under the hotter growth conditions showed a marked increase in the leaf area that was pale compared with plants grown at both 16 ° and 23 ° C. Also, the green area of leaves that were variegated before the transfer to the higher temperature conditions did not appear to change (Appendix S1).
DISCUSSION
We describe here the characterization of mutants in the A. thaliana GGPS1 gene. Our results with three ggps1 mutant 14% of that of the green-leaf area, a reduction proportional to that of chlorophyll content in white compared to the green-leaf sectors.
GGPS1 and GGPS3 expression levels -A potential cause of the variegated phenotype of the ggps1-1 mutant is an altered expression pattern or asymmetric degradation of the ggps1 mRNA. To determine whether ggps1 mRNA levels differ in white and green sections, semi-quantitative reverse transcription-PCR (RT-PCR) was performed separately on both types of tissue. Extremely low levels of PCR product were visible after 20 cycles, with stronger expression evident after 25 cycles ( Fig. 6 ). No differences in mRNA levels are apparent among the wild type or ggps1 mutant tissue, suggesting that altered expression or degradation of ggps1 mRNA is not responsible for the variegated phenotype.
Of the fi ve functional GGPS-family genes in the A. thaliana genome, only GGPS1 and GGPS3 are predicted to localize to the chloroplast. While previously published results indicate that GGPS3 is primarily expressed in roots ( Okada et al., 2000 ) , it is possible that expression of GGPS3 in the peripheral portion of the leaves can rescue the albino phenotype in those cells. To determine whether the variegated phenotype of ggps1-1 is a result of increased GGPS3 expression in green sections, semiquantitative RT-PCR was performed separately on white and green tissue from ggps1-1 mutant leaves. If GGPS3 activity restores chlorophyll synthesis in green tissue, it would be expected that the ggps1-1 mutant would show higher transcriptional levels in green tissue. While overall expression of GGPS3 was low in the leaves, no increase was observed in green tissue. In contrast, an increase in GGPS3 expression was seen in the white sections. The absence of higher GGPS3 levels in green tissues suggests that expression patterns of GGPS3 in green and white such as GA, carotenoids, and the formation of side-chains for several prenyllipids including the chlorophylls, tocopherols, phylloquinone, and plastoquinone ( Lichtenthaler, 1999 ) .
GGPS1 belongs to a 12-member gene family in A. thaliana and appears to be the major functional plastid-localized member of this gene family ( Lange and Ghassemian, 2003 ) . Although several other members of this gene family are also predicted to localize to the chloroplast, only GGPS3 has been shown to be both plastid-localized and possess active GGPS enzymatic function ( Okada et al., 2000 ; Lange and Ghassemian, 2003 ) . Other members of this gene family are targeted to the cytoplasm, endoplasmic reticulum, or the mitochondria ( Okada et al., 2000 ) .
The biochemistry of isoprenoid biosynthesis has been extensively studied in prokaryotic organisms ( Wendt et al., 2000 ) . Research in many plant species including A. thaliana has further demonstrated the essential nature of isoprenoid formation. For example, mutations in the enzymes of the plastid MEP pathway result in seedling-lethal albino phenotypes ( Mandel et al., 1996 ; Budziszewski et al., 2001 ; Gutiérrez-Nava et al., 2004 ; Guevara-García et al., 2005 ; Hsieh and Goodman, 2006 ; Hsieh et al., 2008 ) . Additionally, antisense inhibition of some of the MEP pathway enzymes ( Estévez et al., 2001 ) or chemical inhibition with the isoprenoid synthesis inhibitor fosmidomycin ( Zeidler et al., 1998 ; Pulido et al., 2012 ) also result in albinism. alleles demonstrate that GGPS1 is an essential gene and that the related GGPS genes are unable to fully compensate for loss or alteration of GGPS1 function. These fi ndings are consistent with the key role GGPS1 has in the isoprenoid biosynthetic pathway (reviewed by Bouvier et al., 2005 ) , where GGPS1 catalyzes the formation of the 20-carbon isoprenoid GGPP. GGPP serves as a precursor to several important biosynthetic pathways including those leading to the production of diterpenes 5 . Photosynthetic rates of variegated leaves of ggps1-1 mutant of Arabidopsis thaliana . Maximum gross photosynthetic rates (µmol CO 2 ·m −2 ·s −1 ) in variegated leaves calculated on total-leaf area basis (circles and bold regression line: 0.068 × % green area + 1.14, R 2 = 0.93), on a green-leaf area basis assuming no photosynthesis in the white area (empty triangles and dashed regression line: −0.026 × % green area + 10.07, R 2 = 0.32) and on a green-leaf area basis assuming white areas have a photosynthetic rate of 1.1 µmol CO 2 ·m −2 ·s −1 (solid triangles and solid regression line: 0.0012 × % green area + 7.92, R 2 = 0.002). Error bars represent ± SE, N = 34. October 2013] RUPPEL ET AL.-MUTATIONS IN GGPS1 AFFECT CHLORPLAST DEVELOPMENT an aspartic acid residue two amino acids upstream and the two nearby arginine residues (three and four amino acids downstream, respectively) are predicted contact sites. The amino acid change in ggps1-1 may interfere with the overall structure of the binding cavity in a way that weakens the direct interactions at nearby amino acids or maintenance of the overall structure of the protein. Given that the variegation phenotype of ggps1-1 is temperature dependent, higher temperatures may destabilize secondary or tertiary interactions normally maintained by the charged aspartic acid hydroxyl group. Despite these potential changes, the ggps1-1 plants survive and produce partially green leaves at normal growth temperatures. In combination with the recessive lethal phenotypes of both T-DNA insertion alleles, the variegated leaves suggest that the ggps1 mutant enzyme may retain some catalytic activity that has been rendered temperature dependent.
Disruption of GGPS activity is expected to reduce or block the synthesis of products downstream of GGPP. Consistent with this, the total level of chlorophyll and carotenoids in the affected areas of the ggps1-1 adult leaves are several orders of magnitude lower than that found in comparably aged wild-type leaves. Because carotenoids are photoprotective pigments in the light harvesting complexes, reduced levels may lead to increased photobleaching ( Yamamoto et al., 2000 ) , which is thought to play a role in the formation of white sectors of other variegated mutants of A. thaliana . For example, the IM terminal oxidase and VARIEGATED 3 (VAR3) proteins have roles in carotenoid biosynthesis, and mutations result in reduced photoprotection associated with albino variegation phenotypes ( Wetzel et al., 1994 ; Carol et al., 1999 ; Wu et al., 1999 ; Chen et al., 2000 ; Aluru and Rodermel, 2004 ; Naested et al., 2004 ; Rosso et al., 2007 ) . Similarly, YELLOW VARIEGATED1 and YELLOW VARIEGATED2 encode for metallopreoteases that aid in the repair of photosystem II ( Sakamoto et al., 2002 ( Sakamoto et al., , 2003 . Another variegated mutant, thylakoid formation 1 ( thf1 ), appears to be light-intensity independent ( Wu et al., 2011 ) . This mutant shows defects in etioplast development prior to light exposure in some portions of the cotyledon. In each of these mutants, white sectors appear randomly throughout the leaf.
The variegation pattern of ggps1-1 appears more defi ned than that seen in the im , var , or thf1 mutants. We observed that the pigment-defi cient areas of ggps1-1 leaves were typically in central areas of the leaf blade around the midvein ( Fig. 1 ) . Impairment of chloroplast development appears to be limited to mesophyll cells since normal-appearing chloroplasts were observed in guard cells and in bundle sheath cells immediately surrounding the leaf vasculature. Cotyledons are also unaffected in the mutant. Although the albinism of ggps1-1 was typically located in the center of the leaf, leaves occasionally produced some "splotchy" patterned leaves similar in appearance to im and var mutants ( Wetzel et al., 1994 ) . At the ultrastructural level, chloroplasts in green areas of ggps1-1 leaves appeared normal both in size and morphology ( Fig. 4C ) . Unlike im green areas ( Aluru et al., 2007 ) , the ggps1-1 green areas photosynthesized at a rate similar to wild-type leaves of an equivalent age ( Fig. 5 ) . The white sectors of ggps1-1 had a signifi cantly reduced photosynthetic rate ( Fig. 5 ) and contained immature plastids with one or more electron translucent bodies, poorly formed internal membranes, and dark-staining aggregations ( Fig. 4B, D ) .
A link between the ggps1-1 mutation and the poorly formed chloroplasts found in variegated regions remains to be determined. The disruption of the MEP pathway could lead to insufficient production of an array of photosynthetic and photoprotective Of the trans -prenyltransferase enzymes that build upon the basic isoprene unit, a double knockout of the two FPS genes in A. thaliana is embryo-lethal ( Closa et al., 2010 ) as was knockdown of the only copy of GPS in the genome ( van Schie et al., 2007 ) . The only characterized mutations in the pathway that fail to produce a pigment-loss phenotype are within the isopentyl diphosphate isomerase (IDI) genes ( Phillips et al., 2008 ) , but in this case IPP and DMAPP can still be synthesized from the MEP pathway. It was also shown that the two copies of IDI do not localize to the plastid, nor does the idi1 idi2 double mutant affect plastid-specifi c isoprenoid biosynthesis ( Okada et al., 2008 ) .
The two T-DNA insertion mutants examined here ( ggps1-2 and ggps1-3 ) were found to result in seedling albinism or embryo lethality, but the point mutant ggps1-1 resulted in a novel variegated phenotype. The reason for the difference in phenotype between the two T-DNA alleles is unclear. It is possible that the size or frame of the insertion in ggps1-2 is more amenable to partial function than the insertion in ggps1-3 . Alternatively, the location of the insertion within the predicted chloroplast targeting sequence in ggps1-2 may interfere with chloroplast localization, but allow some enzyme function within the cytoplasm at levels suffi cient to support germination or seed development. This capability would likely be eliminated in ggps1-3 by the insertion within the functional portion of the protein.
The point mutation in ggps1-1 converts an aspartic acid to an asparagine, resulting in a variegated phenotype. This specifi c aspartic acid is conserved in most of the GGPS enzymes found in A. thaliana ( Okada et al., 2000 ) and is located between the FARM domain and two conserved arginine residues ( Fig. 2 ) present in trans -prenyltransferases ( Ashby and Edwards, 1990 ) . The FARM domain and two arginines typical of trans -prenyltransferases are essential for catalytic activity by coordinating the isoprenoid substrates and magnesium metal ions ( Joly and Edwards, 1993 ; Song and Poulter, 1994 ) . The enzymatic reaction is performed within a central cavity formed by alternating α -helices in cooperation with the SARM domain ( Tarshis et al., 1994 ) . The crystal structure of GGPS from the mustard plant Sinapis alba showed the positioning of reactants and products within the catalytic site of the enzyme ( Kloer et al., 2006 ) . Comparison of the A. thaliana GGPS1 and S. alba GGPS shows that the FARM domain through the two arginines are fully conserved, suggesting comparable modes of reactant and product interactions. The amino acid change in ggps1-1 substitutes a neutral asparagine for the negatively charged aspartic acid that does not appear to directly participate in the condensation reaction (i.e., the equivalent aspartic acid residue in S. alba does not directly contact reactants, products, or metal atoms); however, Fig. 6 . Semi-quantitative RT-PCR of GGPS1 and GGPS3 in white and green leaf tissue. cDNA isolated from white and green sections of ggps1-1 mutants was used as a template for standard PCR using GGPS1 and GGPS3 -specifi c primers. Reactions were stopped after 20, 25, 30, and 35 cycles to compare expression levels. Ubiquitin conjugating enzyme (UBC) primers were used as a loading control. Gen = Genomic DNA. B = Blank (no template control). Gel shown is representative of three biological replicates. [Vol. 100 pigments. For example, in the fi nal step of chlorophyll a biosynthesis, the enzyme chlorophyll synthase uses GGPP (or phytyl pyrophosphate, a derivative of GGPP) to esterify chlorophyllide a ( Tanaka et al., 2011 ) . In the fi rst committed step of carotenoid biosynthesis, phytoene synthase catalyzes the condensation of two GGPPs to form the 40-carbon molecule phytoene ( Lu and Li, 2008 ) . Reduced levels of one or more of these pigments could impair thylakoid or chloroplast development and/or lead to thylakoid breakdown in the light.
GGPP is also a precursor to GA, but germination, hypocotyl elongation, and fl owering time experiments with supplemented GA indicate that the ggps1-1 mutant is able to produce sufficient GA to support these developmental processes. However, addition of PAC did result in greater germination inhibition in ggps1-1 , suggesting that there may be slightly lower endogenous GA levels at the onset of germination. It is possible that chlorophyll and carotenoid production demand such a large portion of the available GGPP pool that reductions drastically impact those functions while lower demands for GA synthesis can still be met. Alternatively, reduction of hypocotyl elongation by PAC could be revealing inhibition of brassinosteroid synthesis in the ggps1-1 mutant ( Bai et al., 2012 ) . In the ggps1-1 mutant, some GGPP may be produced by other GGPS protein family members or by a partially functional ggps1. The latter possibility is supported by the lethal phenotype of the ggps1-2 and ggps1-3 alleles.
One potential cause of variegation in the ggps1-1 mutant is asymmetric expression of GGPS1 or other GGPS gene family members between the white and green sections. Mutant ggps1-1 RNA levels were similar in white and green sections, indicating that altered expression of the mutant in white sections is not responsible ( Fig. 6 ) , but it remains possible that the mutant protein is targeted for degradation more quickly in the white sections. It is also possible that another GGPS family member can act redundantly with GGPS1 in the green sections, allowing viability. Based on plastid localization, sequence similarity, and functional confi rmation, GGPS3 seems to be the most likely family member to perform this function. Our results indicate that GGPS3 expression in green sections was no greater than in white. In fact, white sections appeared to have more GGPS3 RNA ( Fig. 6 ). Low levels of GGPS3 expression in green tissues were expected, as previous results with GUS fusion proteins ( Okada et al., 2000 ) showed that expression of this gene was mostly confi ned to the root. Increased levels in the albino sectors may represent a compensatory mechanism caused by low levels of any MEP-derived compound, decreased photosynthesis, oxidative damage, or stress.
Another potential cause of variegation is the temperature sensitivity of the enzyme in ggps1-1 . Growth of ggps1-1 , in contrast to the two T-DNA alleles, suggests the mutant form of GGPS1 is capable of providing suffi cient GGPP to sustain chlorophyll production ( Fig. 7 ) . The defi ned, reproducible patterns of variegation in the ggps1-1 mutant suggest a developmental origin, possibly associated with the three-layer structure (L1, L2, and L3) of the shoot apical meristem or leaf primordia ( Poethig, 1997 ) . Fate map analyses using cell-specifi c mutations within the SAM indicate that the L2 and L3 layers establish the subepidermal layers of the mature leaf ( Furner and Pumfrey, 1992 ; Irish and Sussex, 1992 ) . While patterns can vary slightly, subepidermal cells in the periphery of the leaf are generally derived from L2 meristematic cells, while the area in the center of leaves originates from the L3. The L1 cells typically give rise to the epidermis ( Furner and Pumfrey, 1992 ; Schnittger et al., 1996 ) . The white variegation seen in ggps1-1 appears in areas of leaves that contain the bulk of L3-derived cells ( Furner and Pumfrey, 1992 ; Irish and Sussex, 1992 ) whereas the green margins would more likely be associated with L2-derived cells. Thylakoid membrane-containing plastids develop in these L2 cells while still located within the SAM central zone ( Charuvi et al., 2012 ) , although it is unclear how much photosynthesis contributes to the overall metabolic needs of cells in the SAM. Charuvi et al. (2012) further demonstrated that chloroplast biogenesis (as measured by thylakoid formation) does not progress signifi cantly beyond what is seen in the SAM as the L3-derived cells mature into leaf primordia.
The observed temperature sensitivity of the ggps1 phenotype suggests that temperature may play a role in leaf development. The tissues most affected in the mutant are found in regions where L3-derived cells arise and the L3 cells are the most internal within the meristem. Given the high metabolic demands necessary for cell division and expansion, it is possible that the heat generated by respiration may increase the temperature of internal tissue to the point where the mutant ggps1 function is impaired. In contrast, the L2 cells closer to the periphery of the SAM may lose enough heat to the environment for ggps1 to retain suffi cient activity to provide the necessary precursors for the development of chloroplasts within these tissues as the leaf is initiated.
Once the variegation pattern is established early in leaf development, it could then be maintained by the cooling effect of transpiration in the photosynthesizing sections of the leaf. It is well established that transpiration cools leaves ( Cook and Dixon, 1964 ; Field et al., 1982 ; Geller and Smith, 1982 ) and that CO 2 levels can alter the behavior of guard cells ( Assmann, 1988 ; Young et al., 2006 ) . The inability of the white sectors to become green upon leaf expansion at standard growth chamber temperatures could be the result of higher CO 2 levels in white sectors due to the respiratory requirements to maintain cell processes and thus prompting stomatal closure and increased internal temperatures. This system would then establish a feedback loop, with photosynthesizing areas of the mutant leaf staying cool enough from transpiration to allow the mutant ggps1 to produce suffi cient precursors to support chloroplast development while the mutant ggps1 is impaired in the warmer pale cells.
This model is consistent with several aspects of the ggps1-1 phenotype.
(1) The pale sectors vary in size, but are always located in the central area of the leaf, suggesting an association with the patterning established in the SAM or leaf primordia.
(2) Once green, tissues do not become pale under normal growth conditions or after ggps1-1 plants are transferred to hot temperatures ( Fig. 7 ; Appendix S1). (3) White tissues can become green when transferred to cooler temperatures (Appendix S2), consistent with restoration of GGPS1 activity, implying that the fate of a pale cell is not determined within the meristem or primordia, but that activation of GGPS1 activity can resume under favorable conditions. Together, these suggest that the variegation
